The effect of O implantation in crystalline Ge on the density of native point defects has been investigated through transmission electron microscopy and B diffusion experiments. Annealing at 650
I. INTRODUCTION
In the past decade some basic properties of crystalline Ge, among which the formation and migration of point defects (vacancy or self-interstitial), their interactions with impurities, their role in diffusion and activation of dopants, have been the subject of a renewed scientific interest, [1] [2] [3] mainly motivated by a low-field carrier mobility larger in Ge than in Si. 4 Such an advantage of Ge over Si together with their structural similarities are opening the route for a wider and gainful use of this semiconductor in the next generation of sub-22 nm complementary metal-oxide-semiconductor (C-MOS) microelectronic devices. However, the knowledge on point defects (PDs) properties and the ability to engineer their distribution is by far less mature in Ge than in Si, limiting any reliable control of dopant activation or diffusion typically mediated by PDs.
Several theoretical works calculated the charge states and the formation and migration energies of vacancies or selfinterstitials in Ge for different configurations or Fermi-level positions, 1, [5] [6] [7] but many experiments are limited to electron irradiation below 100 K. [8] [9] [10] At room or higher temperature, vacancies and self-interstitials can be studied in an indirect way, through PDs-assisted migration of impurities. Still, Ge is dominated by vacancies under equilibrium conditions, and self-interstitials do not play a significant role, having a formation energy ∼1 eV larger than vacancies. 1, 7 Moreover, Ge itself 11 and most donor impurities diffuse in Ge via a vacancy-donor pair, 12 also responsible for unwanted dopant deactivation. 3, 13 Thus, experimental data on vacancy or vacancy-donor pairs can be compared to the calculated ones. 1 The same does not hold for self-interstitials, due to their shortage in Ge crystals.
The modest role of self-interstitials in Ge is also testified by the lack of any self-interstitial-type defects in Ge after Czochralski (Cz) growth 1, 4 and by the very small and relatively unstable self-interstitial-type extended defects formed at the end-of-range (EOR) region after amorphization and solidphase epitaxial regrowth. [14] [15] [16] Recently, some progress in understanding the role of self-interstitials in Ge came from investigations on the migration of B, whose diffusivity is the lowest among all the impurities in Ge.
2,17,18 Napolitani et al. 16 correlated the evolution of self-interstitial-type EOR defects with the diffusion of very thin B profiles, which supports the self-interstitial mediated diffusion of B in Ge recently proposed in the literature. 3, 19 Therefore, B diffusion is a valuable indirect marker for self-interstitials in Ge, as previously studied in Si with a well-established methodology. [20] [21] [22] [23] [24] By using B diffusion, proton irradiation in Ge has been proved to increase the PD density above the equilibrium, leading to a significant radiation enhanced diffusion (RED) of B.
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The same technique was used to suppress vacancy-mediated diffusion and clustering of P and As. 3, 13 Still, under proton irradiation, the enhancement of self-interstitial density lasts for the implantation time, provoking a very weak postimplant transient enhanced diffusion (TED) of B. 19 Typically, damage induced by ion implantation in Ge does not generate visible and stable self-interstitial clusters. 25, 26 Even the EOR defects induce a modest self-interstitial enhancement, with a relatively small TED for B, vanishing over 450
• C. 16, 27 Thus, PD engineering for a strong self-interstitial supersaturation could create an innovative framework for Ge material, where the diffusion and deactivation of all donor atoms are dominated by vacancies.
In this letter, a significant PDs imbalance in favor of selfinterstitials is shown after O implantation in crystalline Ge. Clear evidence of extended defects formed as a consequence of GeO 2 nanoclusters is given, linked to a huge and longlasting self-interstitial supersaturation at 650
• C verified with B diffusion experiments.
II. EXPERIMENTAL
Cz-Ge 001 crystals (p type, resistivity of ∼0.001 /cm) were implanted at room temperature (RT) with 4 × 10 14 O/cm 2 ion beam at 235 keV (projected range R p , ∼450 nm 28 ). Some implanted samples were annealed at 650
• C (30-180 min) in ultrapure N 2 flowing gas with a proximity capping with pure Ge samples. Cross-sectional transmission electron microscopy (XTEM) analyses were done with a 200 keV Jeol 2010F instrument, and secondary ion mass spectrometry (SIMS) were conducted for B and O profiling with a Cameca IMS-4f instrument using a 3 keV O 2 + or 14.5 keV Cs + analyzing beam, respectively. Figure 1 shows the O profile in the Cz-Ge sample before (solid line) and after annealing at 650
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• C for 30 (squares) and 120 (triangles) min. The annealing does not induce any O loss, but a significant shrinkage of the O profile (forming a wide peak at around 4/5 of the R p ) is observed, stable up to 3 h at 650
• C. According to the O diffusivity in Ge, 29 after 650
• C for 30 min the diffusion length is ∼700 nm, long enough to justify a complete flattening of the profile (not observed). This behavior recalls what happens in the separation by implanted oxygen (SIMOX) technology used in Si 30 or in high-dose O implantation in Ge, 31 but in our case a clear shift of the O distribution is observed and, moreover, the O implant dose is four orders of magnitude lower. The observed GeO 2 NCs exhibit a thermal stability much larger than the EOR defects in Ge. 16 In order to explain the O accumulation, observed also after 180 min at 650
• C annealing (not shown), it should be noted that: (i) TEM analyses on the as-implanted sample revealed a highly defective crystalline structure, confirming the subamorphizing implant; (ii) the O accumulation region corresponds to the depth along the ion track where the rate of energy loss versus depth (and thus the crystal damage rate) is maximum. 28 Thus, the O accumulation can be promoted by some crystal defects (distorted or broken bonds, PDs) created by the implantation and acting as stable gettering centers for O, as the O-V center. 33 Recently, it was argued that at temperatures as low as 150 K self-interstitials can interact with interstitial O (O i ) forming self-interstitial-O i complexes, leading to self-interstitial-(O i ) 2 complexes above 50
• C. 34 Upon annealing at 650
• C, such self-interstitial-(O i ) 2 complexes could grow into elongated or more stable spherical NCs of GeO 2 . Such a change in shape agrees well with the hypothesis assumed to simulate infrared spectra of oxide precipitates in Cz-Ge in Ref. 35 , according to which the shape of GeO 2 clusters should be spherical and disclike at 560
• C but only spherical at 620
• C. To verify if the formation of GeO 2 NCs affects the PD equilibrium density, we have employed B diffusion. The same experimental procedure of O implantation and annealing has been performed on a molecular beam epitaxy grown Ge (MBE-Ge) containing a B multidelta structure (five narrow B-doped layers B-δ, positioned 200 nm apart) with growth and pre-annealing details as in Ref. 19 . SIMS analyses were used to measure B diffusion, whose simulation based on the model of Cowern et al. 20, 24, 36 allows evidence of changes of self-interstitial density in Ge. 3, 16, 19, 37 Figure 3 shows the B profiles of the MBE-Ge after implantation (dashed line) and after annealing at 650
• C for 30 (squares), 120 (triangles), and 180 (stars) min. A clear broadening of B-δs is visible already after 30 min at 650
• C (for which the equilibrium diffusion is negligible 38 ), going on up to 120 min. The as-implanted profile is not significantly larger than the as-grown one (not shown). Thus, B undergoes an evident transient enhanced diffusion related to the O implantation and exhausted after 120 min at 650
• C. In addition, such TED of B is homogeneous from the surface down to 1.2 μm, not limited to the region of GeO 2 NCs. A Ne implantation, whose energy and fluence (265 keV, 3 × 10 14 /cm 2 ) were chosen to give a similar crystal damage of the O implant (since the nuclear energy loss of O and Ne implantations is similar 28 ), was performed and followed by 650
• C annealing. In this sample a negligible broadening of B profiles is observed [circles in Fig. 4(a) ]. This counterproofs that the injection of interstitials is related to the presence of O. A strong relation between the formation of the GeO 2 NCs and a significant self-interstitial supersaturation is observed, affecting a Ge region larger than 1 μm.
In Si, a self-interstitial supersaturation is typically produced during surface oxidation because of the different densities of Si and SiO 2 . 39 The consequent stress at the Si/SiO 2 interface is partially released by injecting self-interstitials, responsible for the oxidation enhanced diffusion (OED) of B. 39 The same approach in Ge is not effective because of GeO desorption. 40, 41 Still, in our case the embedded GeO 2 NCs could act as the self-interstitial source. Based on the different Ge densities in Ge and in GeO 2 (4.8 or 2.4 × 10 22 Ge/cm 3 ), the volume per Ge atom in the oxide is twice than in bulk, and the stress at the NC surface can be released by injecting self-interstitials in the surrounding lattice. The homogeneous broadening of a B multidelta indicates that self-interstitials are reflected by the surface, causing a flat self-interstitial supersaturation, in agreement with Refs. 3 and 13. Assuming that self-interstitials are created at ∼370 nm, given the B diffusion at ∼1000 nm (deepest B-δ in Fig. 3 ) just after 30 min, one can evaluate ∼2 × 10 −12 cm 2 /s as a lower estimate for self-interstitial diffusivity (D I ) at 650
• C, (using λ = √ D I t). These data show that, once formed, self-interstitials can affect the Ge lattice at long distances and in a non-negligible way, remarking that the weak role of self-interstitials in Ge can be related to their quite large formation energy with respect to vacancies.
In order to quantitatively study the self-interstitial supersaturation, we fitted the B profiles by means of a χ 2 optimization of numerical simulations based on the g-λ diffusion model, 20, 24, 36 successfully applied also for B diffusion in Ge. 16, 19 Here, g gives the B-self-interstitial interaction rate leading to one B diffusion event, while λ is the mean length of 43 and 44) ], but the equilibrium self-interstitial density in Si is much larger than in Ge, weakening the effect of self-interstitial injection during OED in Si. In our case, if all the implanted O atoms are involved in GeO 2 clusters (5 nm in diameter and distributed over the 150-nm-wide peak of Fig. 1 ), a cluster density of ∼1 × 10 16 cm −3 is expected. This is only a lower limit, since smaller GeO 2 clusters cannot be excluded. Thanks to the high surface-to-volume ratio, the self-interstitial injection by the GeO 2 NCs can be very effective, justifying the larger self-interstitial enhancement in our case.
Diffused profile of Fig. 4(a) shows a non-Gaussian shape, with large exponential tails revealing a quite long migration length (λ ∼ 10 nm). Under equilibrium condition, at 755
• C we measured a ∼10 times lower λ (Ref. 19) . RED of B has been found under proton irradiation at 700
• C [ Fig. 4(b) ] with λ ∼ 3 nm, leading to the Gaussian shape of the diffused profile. Despite the similar temperatures, a significant disparity in λ is observed, indicating that the migration length per each B diffusion event is markedly longer in the presence of GeO 2 NCs compared to the equilibrium or RED cases. Such dissimilarity is also evident from the diverse shapes of the two diffused profiles [Figs. 4(a)-4(b) ]. It should be noted that λ could be related to the availability of vacancies, which can trap the diffusing B atom, reducing the migration length. So the longer λ in the presence of GeO 2 NCs is compatible with an undersaturation of vacancies, probably due to recombination with self-interstitials injected from GeO 2 NCs.
IV. CONCLUSIONS
In conclusion, we showed that O implantation in crystalline Ge followed by a 650
• C annealing induces the formation of GeO 2 nanoclusters. These defects, between 30 and 120 min at 650
• C, undergo a structural transformation from an elongated shape to a spherical form, compatible with that of crystalline GeO 2 . At the same time, a large enhancement of self-interstitial density, exhausted after 120 min at 650
• C, is revealed by B diffusion experiments. It is proposed that a significant self-interstitial injection occurs because of the formation of the GeO 2 NCs, similar to what happens in Si under surface oxidation. Based on the B diffusion shape and its simulations, this system is compatible with a significant vacancy impoverishment. Such a noteworthy imbalance of PD density in favor of self-interstitials allows a significant change in the basic properties of crystalline Ge, dominated by vacancies under equilibrium conditions.
